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The present work is concerned with the determination of the eﬀective thermal conductivity of porous rocks or rock-like
composites composed by multiple solid constituents, in partially saturated conditions. Based on microstructure observa-
tions, a two-step homogenization scheme is developed: the ﬁrst step for the solid constituents only, and the second step for
the (already homogenized) solid matrix and pores. Several homogenization schemes (dilute, Mori–Tanaka, the eﬀective
ﬁeld method and Ponte Castan˜eda–Willis technique) are presented and compared in this context. Such methods are allow-
ing: (i) to incorporate in the modellization the physical parameters (mineralogy, morphology) inﬂuencing the eﬀective
properties of the considered material, and the saturation degree of the porous phase; (ii) to account for interaction eﬀects
between matrix and inhomogeneities; (iii) to consider diﬀerent spatial distributions of inclusions (spherical, ellipsoı¨dal). An
orientation distribution function (ODF) permits simultaneously to incorporate in the modelling the transverse isotropy of
pore systems. Appearing as homogeneous at the macroscopic scale, it is showed that the eﬀective conductivity depends on
the physical properties of all subsidiary phases (microscopic inhomogeneities). By considering the solution of a single elli-
psoı¨dal inhomogeneity in the homogenization problem it is possible to observe the signiﬁcant inﬂuence of the geometry,
shape and spatial distribution of inhomogeneities on the eﬀective thermal conductivity and its dependence with the satu-
ration degree of liquid phase. The predictive capacities of the two-step homogenization method are evaluated by compar-
ison with experimental results obtained for an argillite.
 2006 Elsevier Ltd. All rights reserved.
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Recovery of detailed information on the microstructure and eﬀective transport properties (e.g. thermal
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micropores, voids or microcracks). The impressive number of published papers treating the subject of heat
transfer through porous media from a fundamental research point of view or in the context of diﬀerent prac-
tical applications are clearly showing that this poromechanics topic has been studied extensively during the
last decades (see, for more detailed information, the works of Eckert et al., 1990 and Goldstein et al., 2006,
where foremost references existing in literature are presented). In the particular context of underground sto-
rages for nuclear wastes the shales are considered as possible natural barriers, because of their very good phys-
ical and/or geological properties (very low permeability, high mechanical strength, absence of macroscopical
cracks). Beside the solicitations or the perturbations of mechanical origin, these rocks are submitted to ther-
mal and/or chemical constraints. The consideration of such typical thermo-chemo-mechanical phenomena
(separately or in a coupled manner) carries out a great complexity and a multi-disciplinary character to devel-
oped research activities. Given this fact, the physical understanding and the mathematical modelling of the
eﬀective properties of sedimentary rocks are strongly related. As a part of these objectives, the scope of this
work is the correct description and prediction of the eﬀective thermal conductivity of partially saturated rocks
by using homogenization tools of upscaling techniques with a direct application to an argillite from the East-
ern Paris sedimentary basin. The work is motivated by a very interesting property of the micromechanical
approaches, which is the possibility to account for microstructure parameters and morphology in the model-
ling of eﬀective properties. From a mathematical point of view, various transport phenomena obey to the same
formulations of elasticity (the expressions for electrical and thermal conductivities, permeability, and other
structure-sensitive properties of heterogeneous media are formally similar, e.g the works of Norris, 1992;
Gue´guen et al., 1997; Berryman, 1997; Markov, 2000) which also justiﬁes the adoption of a micromechanical
framework.
The thermal conductivity of rocks appears to be related in most of the cases to inherent to the rock itself
factors (texture and mineralogical composition); it can also be inﬂuenced externally (we refer here to the water
content and rock bulk density – see, for example, Gue´guen et al., 1997; Berryman and Berge, 1993; Berryman,
1995). In the particular context of the underground storage for repository wastes, the eﬀects of heating (ther-
mal expansion of the ‘free water’, adsorbed water and mineral phases in the rock or changes in the thickness of
the adsorbed water layers) on the pore water pressures are particularly important and diﬃcult to manage
(Horseman and McEwen, 1996; Vasseur et al., 1995). According to the same authors, even if in clays the mag-
nitude of thermally induced ﬂux is constrained by their low permeability, because the thermal expansion of the
porewater cannot be easily accommodated by advection, the pore pressure rise in the vicinity of the heat
source and causes a local compression of the water and minerals instead of a thermal volume increase. It is
obvious that the key parameter to any thermal study is the eﬀective thermal conductivity, which directly con-
trols the temperature gradient. Concerning the existing works treating fundamental research problems related
to the modelling of diﬀerent physical properties, several methods have been developed in the last few decades.
We refer here to the phenomenological approaches, (Katsube and Wu, 1998; Chen and Lu, 2002; Pietruszczak
et al., 2002), the numerical simulation or volume averaging methods (Mu¨hlhaus et al., 2002; Nardin and
Schreﬂer, 2004; Bielger et al., 2005; Kushch et al., 2006; Liu et al., 2005). Some other interesting numerical
and analytical approaches were extended on diﬀerent heat transfer related ﬁelds such as contact conduction
(see Cheng and Torquato, 1997; Miloh and Benveniste, 1999), heat conduction in complex geometries (Bruc-
ker and Majdalani, 2005) or anisotropic heat conduction (Lee and Yang, 1998; Yang and Lee, 1999). Accord-
ing to these studies, an interesting property related to the thermal conductivity (which also corresponds with
micromechanical considerations) is revealed: it seems that the shape and the aspect ratio of the pores play an
important role on heat ﬂux propagation.
An outline of the paper is as follows. In Section 2 are introduced the analytical tools allowing to model the
eﬀective thermal conductivity of porous rocks. The basic principle of the homogenization methods and upscal-
ing procedures as well as the well-known single inhomogeneity problem are presented. Follows, in Section 3, a
brief presentation of the principal estimation methods (such the dilute, Mori–Tanaka, Ponte Castan˜eda–Willis
and the class of self-consistent approaches) allowing to model the eﬀective thermal conductivity in an isotropic
matrix. These estimates represent appropriate tools for the evaluation of physical properties of rock-like com-
posites when considering an isotropic distribution of inhomogeneities in the clay matrix. An alternative study
of the transversely isotropic thermal conduction induced by the speciﬁc orientation of pores systems is next
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function (ODF). Section 4 is dedicated one to the presentation of the principal morphological and mineralog-
ical properties experimentally observed on an argillite and secondly to the study of the predictive capacities of
the adopted homogenization techniques via numerical simulations. The experimental follow-up of the evolu-
tion of thermal conductivity as function of the saturation degree of the argillaceous matrix in the liquid phase
is illustrated and discussed. It appears then, (contrary to some other classes of rocks) that the varied morpho-
logical and mineralogical diversity of constituents (calcites, quartz, etc.), together with the saturation degree of
porosity are at the origin of strong variations of thermophysical properties of the considered medium, which
considerably complicate the task of mathematical modelling for the thermal conductivity. A multistep homog-
enization method is adopted for the determination of thermal conductivity in the Meuse-Haute Marne argil-
lite. It is based on the formalism of Ponte Castan˜eda and Willis (1995) and Mori and Tanaka (1973) methods,
which are used for the numerical evaluation of eﬀective properties; the inhomogeneities are modelled from a
geometrical point of view as ellipsoı¨ds with diﬀerent aspect ratios. The performed numerical simulations are in
good agreement with the experimental results (for partially saturated conditions) available at the Laboratory
(LAEGO) Nancy. It is then possible to distinguish the eﬀect of the geometry, shape and distribution in space
of inhomogeneities on the eﬀective thermal conductivity, and to conﬁrm the direct relationship between this
property and the saturation degree of the ﬂuid phase.
2. Homogenization method for the conduction problem
In the analysis of the behavior of natural geomaterials, they are regarded as homogeneous at the macro-
scopic scale, with eﬀective properties which manipulate the overall behavior (see, for example, Bergman
and Stroud, 1992; Markov, 2000; Levin et al., 2004b; Levin and Markov, 2005). Given the large variety of
their constituents (mineral phases, pores, cracks, cavities with random shape, size and distribution in space),
most of these media are naturally considered as inhomogeneous at the microscopic scale; a direct consequence
is that divers physical ﬁelds of such rocks are also random. For geological structures, the major diﬃculties in
evaluating their eﬀective properties are: (i) the non-uniformity of such structures and their variation in an
unpredictable manner; and (ii) the fact that information on the heterogeneities is often limited by the lack
of suﬃcient measurements. The ﬁnite element methods are usually used in analyzing the eﬀective properties
of such structures but this requires large numerical computation. In particular, the computation is enormous
when trying to incorporate diﬀerent informations like the spatial distribution, diﬀerent geometries and shapes
of inclusions or other informations related to the mineralogic composition.
Because the various transport phenomena obey to the same mathematical formulations of elasticity, the
expressions for thermal conductivities, permeability and other structure-sensitive properties of heterogeneous
media are formally similar (see Zimmerman, 1984; Norris, 1992; Berryman, 1997). These observations are
inciting to land the modelling of physical properties (e.g. the thermal conductivity) of brittle-materials, rocks
or rock-like composites in a micromechanical framework (e.g. Markov, 2000; Levin et al., 2004a; Jakobsen
and Johansen, 2005), allowing to consider the contribution of all structural heterogeneities and the precise
morphology of the porous space.
In the present section is presented the basic principle of homogenization techniques for the evaluation of
the eﬀective thermal conductivity in random structured media. Given the micromechanical context, the eval-
uation of such eﬀective property is done using the solution of the boundary value problem of the relevant ﬁeld
for a single inclusion embedded in a matrix with diﬀerent physical properties. Note that in elasticity, the same
problem is solved by a homogenization procedure which employ the pioneering concept of Eshelby tensor (see
Eshelby, 1957). The inhomogeneities are modeled in this context as ellipsoı¨dal shapes with various aspect
ratio. Note also that, for the presented developments, we are taking advantage from the recent works of
Torquato (2002) and Dormieux and Kondo (2005) whose notations are also adopted.
2.1. Methodology and principle
The adopted homogenization method is builded on the concept of upscaling techniques, which are relating
the microstructural state of the considered material to its macroscopic response. As principal advantages note
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eﬀect on the overall properties, and their general applicability (e.g., diﬀerent sizes and geometries of inclusions
can be taken in account).
Consider then a representative volume element (RVE) X, composed by an inﬁnitely extended isotropic solid
matrix (of thermal conductivity tensor ks) occupying the domain Xs and a system of inhomogeneities (domain
XH) whose orientation is described by a normal vector denoted n. We understand by inhomogeneity any kind
of inclusion: pores, mineral constituents, or mixtures of such components. The volume fraction of the inho-
mogeneous space is denoted uH. Uniform homogeneous thermal gradient conditions are prescribed at the
outer boundary oX of the RVE. A microscopic heat ﬂux vector r yields a microscopic thermal gradient ﬁeld
T on this one. The two microscopic ﬁelds are extended into the inhomogeneity, which is perceived as a mate-
rial of thermal conductivity tensor kH. The stationary thermal problem deﬁned on the RVE X (which under-
goes the macroscopical thermal gradient E) is expressed in the following form:div r ¼ 0 ðaÞ
r ¼ kðzÞ:e ðbÞ
T ¼ E:z 8 z 2 oX ðcÞ
8><
>: ð1Þ
with :
kðzÞ ¼ kH 8z 2 XH
kðzÞ ¼ ks 8z 2 Xs
(
ð2Þz represents here the position vector in the RVE. An essential step of upscaling techniques consists in ﬁnding
the localization rule, which relates the microscopic thermal gradient ﬁeld and the macroscopic thermal gradi-
ent with the help of the second-order concentration tensor A:eðxÞ ¼ AðxÞ:E: ð3Þ
The macroscopic heat ﬂux R is therefore deﬁned as:R ¼ hrðxÞi ¼ hkðxÞ:eðxÞi ¼ hkðxÞ:AðxÞi:E ¼ khom:E ð4Þ
where ha(x)i stands for the average of any ﬁeld a over the RVE. Thus, the estimation of the homogenized ther-
mal conductivity tensor khom from the thermal conductivity of the inhomogeneous phase (kH) is based on the
average of the second-order concentration tensor A of this phase. By using the consistency equation
hA(x)i = d (d is the second-order unit tensor and dij is the Kronecker delta) the homogenized thermal conduc-
tivity can be written as:khom ¼ ks þ uHðkH  ksÞ:hAiH ð5Þ
In the general context of a multiphase medium with r phases whose respective localization tensors are denoted
Ar, it can be stated, based on the same assumptions and on the coherence condition, that the overall thermal
conductivity is expressed in the form:khom ¼
X
r
urhkr:Ari ð6ÞThis relation has general applicability; it takes in account the volume fraction of all phases, their thermal con-
ductivities and information on the shape and the geometry of inclusions (via the concentration tensor Ar of
each phase) as it will be forward illustrated.
2.2. The single inclusion problem for an ellipsoı¨dal inhomogeneity
For general situations (of matrix-inclusions type materials), the localization problem between a local
polarization ﬁeld and an intensity ﬁeld is classically solved by taking advantage of the fundamental results
of Maxwell (1873) and Stratton (1941) (see also, for a clear detailed presentation of previously cited works,
the reference books of Carslaw and Jaeger, 1959; Torquato, 2002). In this context the inclusion is treated
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inﬁnite matrix x of thermal conductivity tensor k0 which is submitted to homogeneous thermal gradients
E0 at inﬁnity. The three-dimensional ellipsoid is geometrically prescribed by:z21
a2
þ z
2
2
b2
þ z
2
3
c2
6 1; ð7Þwith a, b, c the half-lengths (centered at the origin Op of the ellipsoı¨dal inhomogeneity) aligned with the prin-
cipal directions of the local rectangular cartesian coordinate system (z1,z2,z3) associated to this one. A funda-
mental property of the ellipsoı¨dal inclusion xi is the uniformity of thermal gradients inside the inclusion. A
similar property of uniformity of deformations inside an ellipsoı¨dal inclusion for the analogous elasticity prob-
lem has been obtained by Eshelby (1957). The governing equations of the single inhomogeneity problem are
(see also Torquato, 2002):divr ¼ 0 ðaÞ
r ¼ kðzÞ:e ðbÞ
T ¼ E0  z for z!1 ðcÞ
8><
>: ð8Þ
with :
kðzÞ ¼ kI 8z 2 I
kðzÞ ¼ k0 8z 2 x
(
ð9ÞThe microscopic thermal gradients resulting from E0 for the ellipsoı¨dal inhomogeneity I embedded in the solid
matrix are uniform and given by:eI ¼ A0I :E0 ð10Þ
with the term:A0I ¼ ½dþ P0I :ðkI  k0Þ1 ð11Þ
representing the (uniform) concentration tensor in the inhomogeneity. In relation (11) the second-order tensor
P0I is the symmetric interaction tensor (see Hill, 1965 for the similar tensor in elasticity). We only consider in
this paper prolate or oblate spheroidal isotropic inhomogeneities (a = b in Eq. (7) and kI = kId) embedded in
an isotropic matrix of thermal conductivity k0 = k0 d. In this particular case the interaction tensor P0I of an
ellipsoı¨dal inhomogenity whose symmetry axis is aligned along the z3 direction can be written as (see Carslaw
and Jaeger, 1959; Torquato, 2002):P0I ¼
QI
k0
ðe1  e1 þ e2  e2Þ þ 1 2Q
I
k0
e3  e3 ð12ÞThus, the concentration tensor A0I is expressed under the form:A0I ¼
k0
ð1 QIÞk0 þ QIkI ðe1  e1 þ e2  e2Þ þ
k0
2QIk0 þ ð1 2QIÞkI e3  e3 ð13ÞThe term QI has the following analytical expression for prolate, respectively, oblate ellipsoı¨dal
inhomogeneities:QI ¼ 1
2
1þ 1
X 2  1 1
1
va
arctanðvaÞ
  
8X 21;þ1½ðoblateÞ
QI ¼ 1
2
1þ 1
X 2  1 1
1
2vb
ln
1þ vb
1 vb
   
8X 2 ½0; 1½ðprolateÞ
8>><
>>:
ð14ÞX = c/a represents the aspect ratio of the ellipsoı¨dal inhomogeneity, and the term v (introduced to simplify the
writing) reads, respectively:v2a ¼ v2b ¼
1
X 2
 1 ð15Þ
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aspect ratio of the considered ellipsoid. Note that the particular case of a spherical inhomogeneity is easily
recovered when the aspect ratio is X = 1 (which gives QI = 1/3). In this situation the second-order concentra-
tion A0I and interaction P
0
I tensors become:P0I ¼
1
3k0
d; A0I ¼
3k0
2k0 þ kI d ð16ÞThe above presented result (Eq. (10)) has a general applicability and it can be used for diﬀerent geometries of
inclusions following up from ellipsoids (e.g. spheres, cylinders, oblates and/or prolates spheroids). These gen-
eral analytical expressions can now easily be incorporated in various estimation schemes in order to determine
the macroscopic properties of an inﬁnite solid matrix composed of diﬀerent porous or solid mineral inclusions.
It also applies for particular media (e.g. shales, rock like-composites) containing mixtures of pores (ﬁlled with
liquid or gas) and minerals.
3. Estimation schemes for the eﬀective thermal conductivity
In the present section diﬀerent eﬀective medium techniques are developed; the use of such methods permits
to estimate the eﬀective thermal conductivity of porous materials. The homogenization methods are formu-
lated for a three-phase material composed by a solid matrix and a porous space partially saturated (with
gas and liquid) whose phases can be assumed to be, respectively, insulating and/or conductive. All considered
schemes are making use of the exact solution of the problem for dilute suspension of inclusions. Are also taken
into account the shapes of the inhomogeneities and the physical properties (thermal conductivity) of inclusions
and matrix phases. The study is developed by ﬁrst treating isotropic materials, followed by an extension where
anisotropic thermal conductivity induced by the pore systems orientations is accounted.
3.1. Eﬀective medium approximations (EMA) for isotropic media
Using the principle of the single inclusion problem, diﬀerent homogenization techniques are considered at
the present in the case of an initially isotropic media, based on the local governing equations leading to the aver-
aged relations for the eﬀective properties. The scope is to treat and analyze various conﬁgurations of matrix-
inclusion like materials, such the dilute repartition of inhomogeneities or the case of interacting inclusions.
3.1.1. The dilute estimate
The eﬀective medium approximations (EMA) based on the dilute scheme are widely used and attested in
practice to evaluate the macroscopic properties of randomly inhomogeneous media. Let us ﬁrst recall that,
in general, the inhomogeneities are said to be dilutely distributed if their size is smaller than the distance to
any other neighbouring inclusion. A ﬁrst simple micromechanical model consists to make use of Eq. (10)
as the localization rule; however, such a model, classically referred as the dilute scheme, is limited to an inﬁn-
itesimal concentration of inclusions (it corresponds to a weak volume fraction of non-interacting inhomoge-
neities). This assumption allows to estimate the average microscopic thermal gradient in the inclusion with the
help of the solution of the single inhomogeneity problem, using the localization tensor given in Eq. (11). An
analog tensor is found in elasticity, it is known in the literature as the Wu’s tensor (see Wu, 1966) who intro-
duced it to show the inﬂuence of the inclusion shape on the eﬀective moduli in multiphase media. In what fol-
lows, to simplify the presentation and to focus on pore eﬀects (since these defects control the transport and the
mechanical properties of rocks), we will consider a RVE which is composed from a solid matrix surrounding a
porous space (index Xp) decomposed itself in a liquid subdomain (index l) denoted by Xl, respectively, a gas-
eous one (index g) denoted Xg (see Dormieux and Kondo, 2005) as it can be observed in Fig. 1. The following
relationships are stated in this situation:up ¼ ug þ ul; Xg ¼ ugX; Xl ¼ ulX
Xs ¼ ð1 ug  ulÞX; Xp ¼ Xg þ Xl ¼ upX
ð17Þ
ϕϕ l
gPorous clay
matrix
Fig. 1. The RVE of the partially saturated material.
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ul
ul þ ug
¼ ul
up
ð18ÞThe homogenized thermal conductivity tensor is deduced for the considered dilute estimate by substituting Eq.
(11) in (6). We obtain in this way:khomdilute ¼ ks þ ugðkg  ksÞ  Adilg þ ulðkl  ksÞ  Adill ð19Þ
with the concentration tensors associated to the gaseous and liquid phase reading, respectively (i = g, l):Adili ¼ ½dþ Psi  ðki  ksÞ1 ð20Þ
As previously stated, the basic hypothesis of the dilute scheme consists in considering that far from heteroge-
neities the thermal gradient of the matrix is not very diﬀerent from the mean thermal gradient; this implies that
interaction eﬀects between inhomogeneities are neglected, and restrict the general applicability of this method
to a dilute concentration of inhomogeneities. To overcome this limitation, more appropriate methods allowing
to take in account the interaction eﬀects between cracks are necessary. Given the context of the already intro-
duced dilute concentration, the Mori–Tanaka method is further developed; this approach has a simple and
explicit structure and allows to account for interaction eﬀects.
3.1.2. The Mori and Tanaka (1973) method
The basic principle of this technique consists to consider the ellipsoı¨dal inhomogeneity embedded in the
solid matrix submitted, contrary to the dilute scheme where we count the macroscopic thermal gradient E,
to a ﬁctitious one, denoted Ef. Adapting to this technique the single inclusion problem result (Eq. (11)), a
pseudo-localization relation can be obtained for any constituent families r of the RVE (i = g, l):heis ¼ es ¼ Ef ; heii ¼ ei ¼ Adili  Ef ð21Þ
The application of the thermal gradient average rule hei = E gives then:E ¼ eh i ¼ ð1 ug  ulÞheis þ ugheig þ ulheil ð22Þ
Inverting now the previous relation (22) and considering the relations (21) allows one to obtain:Ef ¼ AMTint :E
with
AMTint ¼ ½ð1 ug  ulÞdþ ugAdilg þ ulAdill 1
ð23ÞThe concentration tensors of liquid and gaseous phases are forward expressed with the help of the previous
introduced concentration tensor accounting for interaction eﬀects tensor AMTint ; it follows:AMTi ¼ Adili  AMTint ð24Þ
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conductivity tensor in the form:kMT ¼ ks þ ugðkg  ksÞ  AMTg þ ulðkl  ksÞ  AMTl ð25Þ
It can be noticed (in a similar manner to the dilute method) that the evaluation of the homogenized thermal
conductivity requires the knowledge of the interaction tensor P. We are now in possession of a simple and
explicit formulation permitting to evaluate the thermal conductivity tensor by taking in account interaction
eﬀects between inhomogeneities, and to incorporate diﬀerent geometries of inclusions. Despite its very simple
analytical formulation and previously presented advantages, the Mori–Tanaka estimate rests valid rather for
dilute concentrations of inclusions (see, Berryman and Berge, 1996) or spherical spatial distribution of these
ones. Note that it is possible to construct a formalism capable to account simultaneously for the geometry of
the pores, respectively, for their spatial distribution which is forward introduced.
3.1.3. The Ponte Castan˜eda–Willis estimate for ellipsoı¨dal distributions of inhomogeneities
We brieﬂy present here the Ponte Castan˜eda and Willis (1995) technique, which, as it will be seen, is capable
to account for the spatial distribution of inhomogeneities. The start point is the Eq. (3.20) of their work, which
provides the following expression for the eﬀective thermal conduction:kPCW ¼ ks þ ðugTg  Pd þ ulT l  PdÞ1ðugTg þ ulT lÞ ð26Þ
The second-order tensors Ti attached, respectively, to the liquid and gaseous phase are written under the form
(i = g, l):T i ¼ ½ðki  ksÞ1 þ Psi 1 ð27Þ
The second-order tensor Pd accounts for the spatial distribution of inhomogeneities. It is expressed by the fol-
lowing expression:Pd ¼ Q
d
ks
ðe1  e1 þ e2  e2Þ þ 1 2Q
d
ks
e3  e3 ð28Þwhere Qd was already introduced in Eq. (14). Ponte Castan˜eda and Willis (1995) showed that estimate (26) be-
comes identical with the one of Mori and Tanaka (1973) for spherical inclusions and, when the pair distribution
function has the same ellipsoı¨dal symmetry as the inclusions, it reduces to the self-consistent approach given by
Willis (1977). It has general validity for several classes of materials consisting of a matrix containing one or
more populations of inclusions (when the spatial correlations of inclusion locations take particular ellipsoı¨dal
forms) and take explicit account, at least approximately, of inclusion shape and spatial distribution separately.
Such technique is useful in the particular case that we are studying given the applicability of this approach: (i)
for bodies that undergone a prior macroscopically uniform large thermal ﬂuxes; (ii) when these materials pres-
ent an anisotropy resulting only from the spatial distribution of heterogeneities; and (iii) for a population of
ellipsoı¨dal inclusions, with a pair distribution function that has ellipsoı¨dal symmetry but with a diﬀerent ellip-
soid shape from the one that deﬁnes the inclusion form (e.g. the case of spherical inclusions distributed with
ellipsoı¨dal symmetry). Note that the PCW approach was developed using the generalized Hashin–Shtrikman
variational structure and it is based on correlation functions of inclusion pairs (which are used to characterize
the inclusion distribution in a statistical sense). This estimate will be the Hashin–Shtrikman lower bound for the
thermal conductivity if the matrix is the more insulating phase and the upper bound if the matrix is the more
conductive phase. More detailed information on Hashin–Shtrikman upper and lower bounds can be found in
Hashin and Shtrikman (1962) or in Willis (1977). Note ﬁnally that, when inclusion-interaction distributions do
not have the same form this estimate becomes immediately diﬃcult to use because of the big number of tensors
which are functions of the material phases, inclusion geometries and inclusion-interaction distributions. As a
possible alternative in this case is the numerical evaluation, or the utilization of other techniques.
3.1.4. The eﬀective ﬁeld method
We should state at the present that, for rock-like composite media, similar homogenization techniques can
be found in the literature (see Kanaun and Levin, 1994), we refer here to the very large class of self-consistent
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Kanaun and Levin, 1994; Torquato, 2002; Markov et al., 2005). The basic principle of these techniques con-
sists in reducing the many particle problem to a single one problem and is based on two hypotheses: (i) every
inclusion behaves as an isolated one surrounded by a medium which posses the eﬀective properties of the com-
posite; and (ii) the mean external ﬁeld in the composite is identical with the one that is crossing in the eﬀective
medium. Various ameliorated versions were recently proposed for the eﬀective ﬁeld method (see, among oth-
ers, Kanaun and Levin, 2003, 2005); it worths also to emphasize in this context the work of Markov (2001)
where notable remarks on the justiﬁcations of the use of such technique (especially for polycrystalline struc-
tures) as well as two simpliﬁed but generalized versions of it are proposed. The advantage of this work is the
fact that the coincidence of the modiﬁed eﬀective medium theory with the Ponte Castan˜eda and Willis (1995)
estimate is demonstrated, as well as the predictions of riguros Hashin-Shtrickman’s bounds of the eﬀective
properties.
Several estimation approaches are developed at the present, making possible the evaluation of eﬀective
properties by considering diﬀerent conﬁgurations of porous materials, and by integrating morphological
and microstructural parameters whose inﬂuence is signiﬁcant in this context. Note that the presented estimates
are applicable for given orientations of inhomogeneities. In order to account for the contribution of several
distinct orientations of pore families, integration over the unit sphere must be performed. This implies consid-
eration of an isotropic (or spherical) distribution of inhomogeneities.
3.2. Isotropic distribution of inclusions and extension to porous media with multiple solid constituents
Most of the geologic materials (shales, argillites) being composed from multiple solid constituents (mineral
phases) embedded in the solid matrix, the eﬀective thermal conductivity tensor (previously denoted ks) has to
be estimated by considering the spatial distribution of minerals and their respective properties. The simplest
formalism allowing to consider the contribution of all subsidiary constituents when evaluating an eﬀective
physical property is summation over inclusions. But the applicability of this procedure is restricted to the con-
sideration of identical shape and geometry of the mineralogic or porous constituents. Consider, by way of
example, any external solicitation or ﬁeld aﬀecting the considered media; it is obvious that, under any kind
of constraint, the shapes of diﬀerent families of inhomogeneities are dependent upon their orientation relative
to the direction of the applied external constraint. The overcoming of such limitation is the numerical integra-
tion over orientations, which is also convenient for computational reasons.
Consider a random, or isotropic, distribution of spherical inclusions (minerals, pores). As proposed in the
reference book of Nemat-Nasser and Hori (1993, p. 147) we ﬁrst denote eai the base vectors and R
a the rotation
matrix between eai and ei base vectors; thus:Ra ¼
 cosu sinu 0
 cos h sinu  cos h cosu sin h
sin h sinu sin h cosu cos h
0
B@
1
CA
ðe1;e2;e3Þ
; eam ¼ Ramiei ð29ÞConsider next a second-order tensor Da, of components Daij in e
a
m base vectors, attached to an isolated inho-
mogeneity. The random distribution of inclusions is expressed by an integrate on the unit sphere (Nemat-
Nasser and Hori, 1993):D ¼ 1
4p
Z 2p
u¼0
Z p
h¼0
Damne
a
m  ean sin hdhdu ð30ÞBy taking into account (29) we obtain:D ¼ Dijei  ej
Dij ¼ 1
4p
Z 2p
u¼0
Z p
h¼0
DamnR
a
miR
a
nj sin hdhdu
ð31Þ
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tributed in space, the analytical expression of Mori and Tanaka (1973) estimate:kMTisotropic ¼ ks þ
Xr
i¼2
uiðki  ksÞ:Adili
 !
dþ
Xr
i¼2
uiðAdili  dÞ
" #1
ð32Þwith the localization and interaction second-order tensors deﬁned, respectively:Adili ¼ ½dþ Psi :ðki  ksÞ1; Psi ¼ PðX i; ksÞ ð33Þ
If all i constituents and the solid matrix are isotropic, with the concentration tensor Adili given by relations (13)
and (20) one obtains:Adili ¼ Bisd
Bis ¼
TrðAdili Þ
3
¼ ks
3
2
ð1 QiÞks þ Qiki
þ 1
2Qiks þ ð1 2QiÞki
  ð34Þ
with Qi = Qi(Xi) (Eq. 14). Relation (32) can be expressed in scalar form, as all implied tensors or tensor prod-
ucts are hydrostatic:kMTisotropic ¼ ks þ
Xr
i¼2
uiðki  ksÞBis
 !,
1þ
Xr
i¼2
uiðBis  1Þ
 !
ð35ÞFor the particular case of spherical inclusions (Qi = 1/3) the eﬀective thermal conductivity is simply expressed
as:kMTisotropic ¼ ks þ 3ks
Xr
i¼2
ui
ki  ks
ki þ 2ks
 !,
1
Xr
i¼2
ui
ki  ks
ki þ 2ks
 !
ð36ÞNote that the previous form of the Mori–Tanaka approach (32) will be used for further numerical simulations.
The ﬁrst homogenization step (see Section 4 for more details) in the numerical evaluation of thermal conduc-
tivity will be performed based on this estimate, by numerical integration over the unit sphere.
3.3. Extension to anisotropic thermal conductivity of porous media
3.3.1. The orientation distribution functions (ODF)
It will be now shown that the formalism described in the previous sections can be generalized to the mod-
elling of anisotropic eﬀective properties. We will examine the possibility to retrieve a transversely isotropic
anisotropy of eﬀective properties (which is caused by internal orientations of pores) with the help of the ori-
entation distribution function, by following the proposition of Sayers (1994) (see also Johansen et al., 2003;
Ulm et al., 2005).
The angular orientation of each family of inclusions (pores) with respect to the global coordinate system
(x1,x2,x3) associated to the solid matrix is given by the Eulerian angles h and u pertaining to the normal vector
n of the inclusion (note that 0 6 h 6 p and 0 6 u 6 2p). The shape of inhomogeneities can be assumed to be
either spherical or ellipsoidal, with z3 as the axis of symmetry in the latter case. The angles are, respectively: h
is the angle between the z3 axis of the local frame (of the pore) and the x3 axis of the global frame; u is a rota-
tion of the pore about the x3 axis. The main idea of the utilization of ODF consists to compute the thermal
conductivity of the rock by using the probability density for particular orientations. Let W(h,u) denote such
an ODF; the consideration of x3 as the rotational symmetry axis for the orientation of pores systems implies
automatically transversely isotropic symmetry and confers in the same time independence to the W(h,u) func-
tion with respect to the u angle. According to Johansen et al. (2001), it can be showed that the probability that
h 2 [h1,h2] is given by the equation:Rðh1 6 h 6 h2Þ ¼ 4p2
Z h2
h1
W ðhÞ sin hdh ð37Þ
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sinhðrÞ ð38Þand k(r) must be found according to the normalization criterion:1
4p
Z 2p
u¼0
Z p
h¼0
W ðhÞ sin hdhdu ¼ 1)
Z p
h¼0
W ðhÞ sin hdh ¼ 2 ð39Þr is a parameter referring to the degree of the preferred alignment. The contribution of all families of inho-
mogeneities to the eﬀective thermal conductivity and the transverse isotropy of this property (induced by
the pores systems) for the considered material are than simultaneously taken in account by integrating over
the unit sphere (like in Section 3.2) the mean value of the thermal conductivity tensor and the ODF function.
The relation (31) has to be replaced at the present by:Dij ¼ 1
4p
Z 2p
u¼0
Z p
h¼0
W ðhÞDamnRamiRanj sin hdhdu ð40Þ4. Experimental results and numerical investigations
Sedimentary rocks are composed of a mixture of voids generally ﬁlled with water and of various minerals.
Their texture and porosity were extensively been studied in laboratory or in situ tests (Vasseur et al., 1995;
Sammartino et al., 2003; Hartmann et al., 2005). Concerning the variation of mineral conductivity with tem-
perature, few experimental data are available. Because of the lower conductivity of water, in situ measures of
porosity present major importance for a correct estimation of the bulk thermal conductivity. In order to
improve the knowledge of the relationship between the porous space properties and mineral space distribu-
tions, as well as the inﬂuence of these parameters on the thermal conductivity, experimental tests were per-
formed at LAEGO on Callovo-oxfordian clays (see Homand, 1998) in the particular context of feasibility
studies of underground storage for radioactif wastes developed by the French Agency for the Management
of Radioactive Waste (ANDRA). The main results are presented in the present section and compared with
numerical simulations, obtained via a computational procedure developed in two steps.
4.1. Experimental results
The study of the main morphological and mineralogical characteristics of the Callovo-oxfordian clays con-
stitutes the object of numerous experimental tests recently performed at LAEGO; the principal results that are
forward presented are extracted from a technical report (see Homand, 1998) which focuses on the study of
thermal properties. Additional information coming from further experimental tests (Sammartino et al.,
2001, 2003) is also provided, in order to furnish a correct description of the considered clay. The studied mate-
rial is a sedimentary rock called argillite, coming from a site which hosts an underground research laboratory
for nuclear waste storage (located in the region of Meuse/Haute Marne in the Eastern Paris Basin, France).
The clays are composed by quartz and large calcite grains scattered in a ﬁne matrix of clay minerals stratiﬁed
sheets (illite–smectite) ranging between 30% and 60%; the calcite acts to cement the larger grains. Clay min-
erals are grouped in clusters of some microns large that can coat very well the grain form. Less than 5% of
other minerals (pyrite, mica) can also be observed, as well as a porous space consisting in an internal porosity
associated to the argillaceous matrix (this concerns the micrometric pore sizes, around 90% of the porous vol-
ume) and a porous system at the interphase between the diﬀerent sheets. Note also a volume fraction of pores
varying from 10% to 20% from the total volume and the fact that the mineralogical composition is diﬀerent
with the deep and with the considered scale. With regard to their elastic characteristics, these argillites are con-
sidered as isotropic; according to the work of Homand et al. (in press) they also present low thermal diﬀusivity
and intrinsic permeability (1020–1022 m2, see also Homand et al., 2004) which is partially due to a very small
average pore diameter (’0.02 lm). The experimental tests have been conducted on samples cored in diﬀerent
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between 450 and 525 m. Mineralogy and porosity characterization were performed using mercury porosimetry
and X-ray diﬀraction methods. The mercury intrusion porosimetry test is based on the intrusion of a non-wet-
ting ﬂuid in the dried sample pores by successive increasing-decreasing steps of the applied mercury pressure.
This method helps to determine the percentage of connected porosity and to obtain information on pore size
distribution. Imaging techniques were employed for the determination of the spatial distribution of minerals
and porosity. The essential feature of these techniques consists in impregnating with a resin the connected
porosity; it can be then provided a porosity map by using autoradiograph ﬁlms or standard scanning electron
microscopy devices. Bulk densities were obtained by hydrostatic weighting in petroleum. This allows to obtain
information on the total porosity, expressed as the sum of opened and closed pore volumes. After crushing
and drying, powder samples are used for grain density measurements with the helium pycnometer. The ther-
mal properties were determined using the dual-probe heat-pulse technique. This consists in using two parallel
probes separated by a distance d; the ﬁrst one contains a heater and the other a temperature sensor. With the
dual-probe device inserted in the clay, a heat pulse is applied to the heater and the temperature at the sensor
probe is recorded as a function of time. The thermal conductivity can be further determined from these data.
For more detailed information on the principles of the above cited methods the reader is invited to consult the
works of Homand (1998); Sammartino et al. (2002) or Andre´ and Degiovanni (1995). X-ray diﬀractograms
were used to identify minerals and to estimate their relative percentage. This technique and calcimetry meth-
ods showed that the rock can be reduced to a quaternary mixture of minerals: (i) tectosilicates (quartz and
feldspars); (ii) carbonates (calcite and dolomite); (iii) swelling interstratiﬁed clay minerals (illite–smectite)
and (iv) non-swelling minerals (kaolinite, chlorite, mica). Note, in this context, signiﬁcant variations of the
percentages for calcite and quartz (conform to Table 1) as well as an inhomogeneous spatial repartition of
the minerals. The measured water content of the seven samples can be ranged between 5% and 9%. This fact
is in perfect agreement with the mineralogical measures, providing a very important percentage of calcite. It
can be then concluded that the water content is week for the strongly carbonated cores. The insulation eﬀects
are systematically promoted by the small size particles, since for a ﬁxed volume fraction of particles in a host
matrix the smaller the particle size is, the larger becomes the contact surface between the matrix and inhomo-
geneities. We ﬁnally emphasize (according to the measured values of porosity, natural water content and min-
erals) that important variations in the morphological and mineralogical compositions are observed at diﬀerent
depths, which suggest that the tested argillite has an important degree of heterogeneity.
The evolution of the thermal conductivity with respect to the saturation degree of the porous space was also
quantiﬁed. The experimental results for the seven samples in the three considered directions are presented and
compared with the numerical simulations in the following subsection (Figs. 4–22).
4.2. Computational procedure and analysis
We will proceed now at the application of the homogenization methods to the studied argillite. The objec-
tive is to test the predictive capacities of the adopted estimate techniques for the evaluation of overall thermal
conductivity in partially saturated conditions and to obtain a qualitative illustration of the inﬂuence of micro-
structural parameters (morphology and mineralogy) on the eﬀective thermal conductivity of a triphasic porousTable 1
Mineralogical composition and porosities (%)
Sample SiO2 CaCO3 Argillaceous matrix Porosity %
1 30. 34.4 35.6 10.46
2 33. 18.5 48.5 13.41
3 29. 27.9 43.1 11.43
4 30. 21.5 48.5 12.86
5 27. 18.2 54.8 11.31
6 21. 61.4 17.6 8.54
7 34. 26.2 39.8 9.32
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ples. The homogenization procedure is conducted in two steps, by considering the RVE presented in Fig. 2.
1. The experimentally determined mineralogic parameters are ﬁrst integrated in the evaluation of the thermal
conductivity of the argillaceous matrix. Because of the lower observed percentage of mineralogic com-
pounds such the feldspar, dolomite, pyrite and chlorite (which are not more than 5% of the total volume)
we considered for the purpose of illustrating the mineralogic eﬀect on the overall properties only the calcite
and quartz inclusions (which are ranging between 30% and 60% of the samples volume). These compounds
present a spherical shape, which justiﬁes the adoption of the Mori and Tanaka (1973) method (relation
(36)) for this ﬁrst homogenization step, with r = 2 (quartz and calcite), and:Fig. 2.
(alreadu1 ¼
uquartz
1 up
; u2 ¼
ucalcite
1 up
ð41Þks is replaced by the supposed thermal conductivity of the argillaceous matrix (ks = kclay), and k1 = kquartz,
k2 = kcalcite. The shape of minerals and clay matrix being supposed spherical (similar assumptions are made
by Ulm et al., 2005) and their distribution isotropic, the homogenized conductivity of the argillite matrix
will present the same symmetry. According to Vasseur et al. (1995) (see also Gue´guen et al., 1997) the
respective thermal conductivities for such minerals are 7.7 W K1 m1 for quartz and 3.3 W K1 m1
for calcite. As for the clay matrix, which is composed by the swelling interstratiﬁed minerals (illite–smec-
tite), it’s mean considered thermal conductivity is 1.8 W K1 m1.
2. The output of the ﬁrst homogenization step (the homogenized thermal conductivity tensor khomI of the argil-
laceous matrix) is next used an input data in relations (26) and (40), in the second homogenization step. The
method of Ponte Castan˜eda and Willis (1995) is the most appropriate tool to use at this stage, in reason of
the possibility to account for the distribution in space of the porous phases. Flatted oblate pores, partially
saturated by liquid and gas (with z3 as the axis of symmetry) are added in the homogenized argillaceous
matrix by using orientation distribution functions. This allows to consider the diversity of pore systems ori-
entations. The overall homogenized thermal conductivity tensor khomII is the output of this second homog-
enization step, and r = 2 porous phases (liquid and gas) are considered as embedded in the homogenized
argillaceous matrix of thermal conductivity khomI . The material is saturated by increasing the water content
of the porous phase (which simultaneously implies a decreasing of the volume fraction of insulating gas
ﬁlled inclusions). The numerical values of thermal conductivities for liquid and air are, respectively
kl = 0.5984 W K
1 m1 and kg = 0.0255 W K
1 m1 (according to Clauser and Huenges, 1995).
For the illustration of mineralogical composition eﬀects we considered the experimental data presented in
Section 4.1 (Table 1). Some concluding results in this sense are presented in Table 2. It can be observed
that the argillaceous matrix thermal conductivity (column kclay) increases when incorporating mineralogicϕ
ϕ l
g
Porous clay
Inclusions(quartz-calcite ...)
matrix
The two-step homogenization: I. Solid constituents (argillaceous matrix and mineral inclusions) and II. The porous space and
y) homogenized matrix.
Table 2
Identiﬁed thermal conductivities of argillaceous matrix k (W m1 K1) and standard deviation parameter r of the ODF
Sample kexpt k
exp
n k
calc
t k
calc
n k
clay khomI r
1 2.3 2 2.27 2.16 1.04 2.7 2.3
2 2.3 1.85 2.22 1.93 1.28 2.7 4.35
3 2.08 1.52 2.03 1.71 0.92 2.3 9
4 2.04 1.5 2.04 1.75 1.09 2.4 5
5 2 1.05 1.67 1.43 0.82 1.85 13
6 2.3 1.7 2.32 2.15 0.58 2.65 2.7
7 2.87 2.4 2.92 2.55 1.68 3.35 5.3
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erals; note that such dependence appears at each level of the multi-step homogenization. The very small values
of the argillaceous matrix are partially due to the small porosities which cannot be experimentally detected;
they induce insulation eﬀects that are strongly aﬀecting the thermal conductivity of the clay, which is not con-
sidered here as being pure. They were deduced by successive tests performed in order to calibrate the numer-
ical simulations with experimental data.
For the purpose of illustrating the saturation eﬀect of the liquid phase, experimental tests were performed in
the parallel, perpendicular and at 45 with respect to the stratiﬁcation. The numerical simulations are equally
performed for the same directions, using as input data the values of thermal conductivities of the homogenized
clay matrix (see Table 2), of gaseous and liquid phase, respectively, their volume fraction; they are performed
until the saturation level is attained. In order to capture the transverse isotropy induced by the pore systems,
the parameter r, introduced in the ODF to characterize the degree of the preferred alignment is numerically
tested. The obtained values are also presented in Table 2, and the Gaussian forms of the ODF are illustrated in
Fig. 3 for the seven studied samples. The numerical simulations and experimental values of thermal conduc-
tivities are presented in Figs. 4–22. A good qualitative and quantitative reproduction of simulated curves is
observed. The numerical values of conductivities at diﬀerent saturation levels are very close, despite a relative
important dispersion of experimental data, which is due from one part to experimentally conditions and from
the other side to the highest degree of heterogeneity and to the strong variations of mineralogical composition
from one sample to the other. This is illustrated also in Table 2, where are presented the thermal conductivities
(experimental-index exp and calculated-index calc) in the parallel and perpendicular directions to the stratiﬁ-
cation (index t and n) for a given saturation level Sr  90%. The performed numerical tests equally showed
that, when the aspect ratio of the inhomogeneities decreases, the eﬀective thermal conductivity has the same
tendency. The lower the aspect ratio is, the higher are the desaturation/resaturation eﬀects on eﬀective thermal
conductivity. This fact conﬁrms the inﬂuence of the shape and distribution of the inhomogeneities, as well as
the non-negligible importance of the water content in the porous phase. In fact, the insulation eﬀect of inclu-
sions and the saturation degree of the ﬂuid phase are proportionally inverse. An other parameter with strong0 0.5 1 1.5 2 2.5 3
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Fig. 3. Identiﬁed ODF for the seven considered samples.
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Fig. 5. Sample 1, 90 to stratiﬁcation.
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Fig. 6. Sample 1, 45 to stratiﬁcation.
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Fig. 7. Sample 2, parallel direction.
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Fig. 8. Sample 2, 90 to stratiﬁcation.
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Fig. 9. Sample 2, 45 to stratiﬁcation.
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Fig. 11. Sample 3, 90 to stratiﬁcation.
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Fig. 10. Sample 3, parallel direction.
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Fig. 12. Sample 3, 45 to stratiﬁcation.
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Fig. 13. Sample 4, parallel direction.
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Fig. 15. Sample 5, parallel direction.
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Fig. 14. Sample 4, 90 to stratiﬁcation.
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Fig. 16. Sample 5, 90 to stratiﬁcation.
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Fig. 17. Sample 6, parallel direction.
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Fig. 18. Sample 6, 90 to stratiﬁcation.
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Fig. 19. Sample 6, 45 to stratiﬁcation.
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Fig. 20. Sample 7, parallel direction.
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Fig. 21. Sample 7, 90 to stratiﬁcation.
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Fig. 22. Sample 7, 45 to stratiﬁcation.
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the thermal conductivity becomes stronger when the aspect ratio of pores tends to zero. Two extreme cases
were considered to observe the pore shape eﬀect: the spherical and disk-shaped inhomogeneities. It was then
seen that, for spherical shapes, the saturation/desaturation eﬀect is not signiﬁcant. This is also due to the mod-
erate level of porosity; the eﬀective thermal conductivity is mainly linked in this case to the argillaceous matrix.
Contrary, when ﬂatted pores were considered, the eﬀect of the gaseous phase (or saturation/desaturation
eﬀect) was very important. The material has a behavior which is similar to a cracked material with isotropic
distribution of insulating cracks. This is consistent with the observation of Clauser and Huenges (1995) which
stipulate that the eﬀect of partial saturation varies depending whether the rock is porous or fractured. The
previous observations are also consistent with the theoretical work of Pabst and Gregorova´ (2006), which,
in plus, emphasizes the existence of a critical level of porosity (percolation threshold) which directly aﬀects
the thermal conduction. We should also state that, for the performed computations which are illustrated in
830 C. Gruescu et al. / International Journal of Solids and Structures 44 (2007) 811–833this paper, the choice of the aspect ratio of the pores X = 0.05 and of the ellipsoı¨dal distribution X = 0.2 was
done. Similar values of the aspect ratio of pores were found by Jakobsen and Johansen (2005) in analyzing
acousto-elastic eﬀect of drained/undrained loading on rock-like composites and by Hornby et al. (1994)
who choose equally a ﬁxed aspect ratio of X = 0.05; this permits to validate our choice for the considered
aspect ratio. The qualitative tendency of an increasing thermal conductivity when the saturation degree of
the porous phase increases is also well captured; this allows to validate the proposed multi-step homogeniza-
tion method in the particular case of the considered argillaceous rock. To summarize, it appears by the per-
formed simulations, that the thermal conductivity of the argillaceous matrix is directly dependent of the
volume fractions and of its mineralogic components; this observation is complementary to the previous obser-
vations concerning the inﬂuence of the inclusions shape and distribution in space or that of the saturation
degree in water of porous domain. These considerations are showing the great complexity of the relationship
between the physical properties of clays and their mineralogic and morphologic texture. It is now obvious that
a correct description of the behavior of porous (non)saturated rocks media involves the precise knowledge of
the associated minerals and porosities.
5. Discussion and conclusions
The present study is devoted to a micromechanical approach for the homogenization of eﬀective thermal
conductivity of porous rocks in partially saturated conditions. The proposed upscaling procedure, which is
based on the solution of the single inclusion problem, permits to estimate the macroscopical homogenized
properties for the porous multiphase media via a multi-step homogenization technique. Several points which
are forward detailed gave the motivation of this work. A ﬁrst scope was to understand the role of each indi-
vidual phase on the global behavior of the considered medium; this fact presents a great importance for the
design concept and selection or stress analysis in practical industrial and geotechnical applications. The
adopted micromechanical framework allowed a gain in ﬂexibility and oﬀers the possibility to consider diﬀerent
conﬁgurations of heterogeneous materials of matrix-inclusion type. A direct illustration was presented by the
incorporation of morphological and mineralogical parameters experimentally determined at LAEGO in the
multi-step homogenization technique; it was then conﬁrmed that such information is signiﬁcant and necessary
for the knowledge of the overall behavior. The use of an ODF function allowed simultaneously to consider the
transversely isotropic thermal conductivity induced by the pore systems in the experimentally tested samples.
It was also showed that diﬀerent geometries of inclusions can be considered, this parameter having also a very
strong eﬀect on the eﬀective thermal conductivity. When inclusion orientations are random, so the eﬀective
properties are anisotropic, it was observed that strong modiﬁcations of the overall conductivity can be pro-
duced by a weak aspect ratio of these ones, while a spherical shape allows the heat ﬂux to cross through
and no important modiﬁcation is produced.
A strong emphasis was also put on the presentation of several estimation methods; it was shown that, func-
tion of the considered context and of the followed scope, diﬀerent techniques permit to treat diﬀerent conﬁg-
urations of porous media: a dilute distribution, a conﬁguration where interaction between inhomogeneities
and the solid matrix are allowed, diﬀerent spatial distributions of inhomogeneities, etc. . . Each method was
presented by only taken in consideration those elements of research work that were necessary to build a real-
istic treatment of the subject (given the presented application) from a deterministic point of view. Our inten-
tion was not to survey the entire ﬁeld of homogenization techniques in detail but to show that each model give
reasonable approximations only in the particular context which was considered; it can not be stated that there
exists an universal approach which can furnish correct estimates for all possible matrix-inclusions type media,
but the Ponte Castan˜eda and Willis (1995) method shows which direction to follow for further developments.
As for the choice of the two step homogenization technique, the presence of a continuous matrix composed of
diﬀerent classes of inclusions (rigid spherical minerals and ellipsoı¨dal pores) justiﬁes the separate consideration
of the Mori–Tanaka and Ponte Castan˜eda–Willis estimates. It was equally allowed in this way the separate
quantiﬁcation of the mineralogy and porous space eﬀects, as well as the follow-up of thermal conduction when
the saturation level in the porous space evolves.
We also emphasize the important contributions in the ﬁeld of the modelling of physical transport properties
of the numerical and phenomenological approaches, sometimes complementary to the micromechanical
C. Gruescu et al. / International Journal of Solids and Structures 44 (2007) 811–833 831techniques. Such methods can also furnish good predictions for the macroscopic behavior of porous media;
they were simply omitted here because the emphasize was put in this work on the possible improvements that
are brought by the micromechanical tools. It was also seen, for example, how the simple concept of the elli-
psoı¨dal inhomogeneity problem allows to take in account the geometrical characteristics of inhomogeneities,
the ﬂexibility of all employed homogenization techniques once the concentration rule is determined and the
importance of the morphologic and mineralogic information when evaluating physical properties of geoma-
terials or rock-like composites. It is worth ﬁnally to emphasize that the mathematical problems that were
posed in determining the eﬀective thermal conductivity have their counterparts in many ﬁelds of poromechan-
ics, such the usual mechanical, electrical or magnetic ones.
The new obtained results are conclusive, since they are validated by various comparisons. They are opening
new exploration ways, a part of the possible extensions being presented here. We refer to some particularly
interesting points such as: (i) a more detailed analysis of the interaction eﬀects between cracks; (ii) the study
of the thermal conductivity problem in the context of it’s coupling with mechanical sollicitations. (iii) It is then
possible to extend the results obtained by Deude´ et al. (2002) in the case of an isotropic matrix to the particular
case of interconnected pores (the percolation theory is the adequate tool in this sense; to deal with connectivity
we can consider as the starting point the basic concepts of this theory as presented in Stauﬀer and Aharony,
1992). (iv) The incorporation in the micromechanical analysis of supplementary informations (experimentally
observed) on the spatial distribution of pores and cracks in the solid isotropic matrix constitutes an other
interesting future development. (v) Finally, the extension of the thermal conduction phenomena studies to ini-
tially anisotropic materials (e.g. the Mont Terri opalinus clays), which present numerous similitudes concern-
ing the mineralogy and porous phase, or the behavior under mechanical sollicitations should also be
considered.
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